A variety of protein sequence databases exist, ranging from simple sequence repositories, which store data with little or no manual intervention in the creation of the records, to expertly curated universal databases that cover all species and in which the original sequence data are enhanced by the manual addition of further information in each sequence record. As the focus of researchers moves from the genome to the proteins encoded by it, these databases will play an even more important role as central comprehensive resources of protein information. Several the leading protein sequence databases are discussed here, with special emphasis on the databases now provided by the Universal Protein Knowledgebase (UniProt) consortium.
Introduction
With the availability of over 165 completed genome sequences from both eukaryotic and prokaryotic organisms, efforts are now being focused on the identification and functional analysis of the proteins encoded by these genomes. The large-scale analysis of these proteins has started to generate huge amounts of data due to the new information provided by the genome projects and to a range of new technologies in protein science. For example, mass spectrometry approaches are being used in protein identification and in determining the nature of post-translational modifications [1] . These and other methods make it possible to quickly identify large numbers of proteins, to map their interactions, to determine their location within the cell [2 ] and to analyse their biological activities. Protein sequence databases play a vital role as a central resource for storing the data generated by these and more conventional efforts, and making them available to the scientific community.
To exploit the various resources fully, it is essential to distinguish between them and to identify the types of data they contain. Universal protein databases cover proteins from all species whereas specialized data collections contain information about a particular protein family or group of proteins, or related to a specific organism. Universal protein sequence databases can be further subdivided into two categories: sequence repositories, in which data are stored with little or no manual intervention in the creation of the records; and expertly curated databases, in which the original data are enhanced by the addition of further information. In the following, we present the current status of the leading protein sequence databases.
Sequence repositories
Several protein sequence databases act as repositories of protein sequences. These databases add little or no additional information to the sequence records they contain and generally make no effort to provide a nonredundant collection of sequences to users.
GenPept
The most basic example of this type of database is the GenBank Gene Products Data Bank (GenPept), produced by the National Center of Biotechnology Information (NCBI) [3] . The entries in the database are derived from translations of the sequences contained in the nucleotide database maintained collaboratively by the DNA Data Bank of Japan (DDBJ) [4] , the European Molecular Biology Laboratory (EMBL) Nucleotide Sequence Database [5] and GenBank [6] , and contain minimal annotation, which has been extracted primarily from the corresponding nucleotide entry. The entries lack additional annotation and the database does not contain proteins derived from amino acid sequencing. Also, each protein may be represented by multiple records and no attempt is made to group these records into a single database entry.
NCBI's Entrez Protein
NCBI's Entrez Protein (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db¼Protein) is another example of a sequence repository. The database contains sequence data translated from the nucleotide sequences of the DDBJ/EMBL/GenBank database as well as sequences from Swiss-Prot [7] , the Protein Information Resource (PIR) [8] , RefSeq [9] and the Protein Data Bank (PDB) [10] . The database differs from GenPept in that many of the entries contain additional information that has been extracted from curated databases such as SwissProt and PIR. As with GenPept, the sequence collection is redundant.
RefSeq
A more ambitious approach is taken by the Reference Sequence (RefSeq) collection produced by the NCBI (http://www.ncbi.nih.gov/RefSeq). The aim of the project is to provide a non-redundant collection of reference protein sequences. RefSeq sequences exist for a limited set of species, including approximately 1100 viruses and 150 bacteria, as well as a small number of higher organisms, such as human, mouse, rat, zebrafish, honeybee, sea urchin, cow, and several important plant species. The main features of the RefSeq collection include nonredundancy, explicitly linked nucleotide and protein sequences, updates to reflect current knowledge of sequence data and biology, data validation and format consistency, distinct accession series, and ongoing curation by NCBI staff and collaborators, with review status indicated on each record. However, the majority of the records are automatically generated with minimal manual intervention. In December 2003, the database contained 831 000 entries with approximately 44 000 manually reviewed entries so the database is closer to a sequence repository than to any of the curated databases discussed below.
Universal curated databases
Although repositories are an essential means of providing the user with sequences as quickly as possible, it is clear that, when additional information is added to a sequence, this greatly increases the value of the resource for users. The curated databases enrich the sequence data by adding additional information, which gets validated by expert biologists before being added to the databases to ensure that the data in these collections can be considered to be highly reliable. There is also a large effort invested in maintaining non-redundant datasets by compiling all reports for a given protein sequence into a single record. It compiles comprehensive, non-redundant protein sequence data, organized by superfamily and family, and annotated with functional, structural, bibliographic and genetic data. In addition to the sequence data, the database contains the name and classification of the protein, the name of the organism in which it naturally occurs, references to the primary literature, function and general characteristics of the protein, and regions of biological interest within the sequence. The database is extensively cross-referenced with DDBJ/EMBL/GenBank nucleic acid and protein identifiers, PubMed and MEDLINE IDs, and unique identifiers from many other source databases. In October 2003, the database contained 273 339 annotated and classified entries, covering the entire taxonomic range and organized into 36 000 superfamilies and over 100 000 families.
PIR-PSD
Protein family classification is central to the organization and annotation of PIR. Automated procedures have allowed the placement of more than 99% sequences into families and more than 70% into superfamilies. The classification approach improves the sensitivity of protein identification, helps to detect and correct genome annotation errors systematically, and allows a more complete understanding of sequence-function-structure relationships.
Swiss-Prot
The leading universal curated protein sequence database is Swiss-Prot (http://www.ebi.ac.uk/swissprot/index. html), which contained as of November 2003 (release 42.6) 140 000 curated sequence entries from over 8300 different species. The database is non-redundant, which means that all reports for a given protein are merged into a single entry, and is highly integrated with other databases [12] .
Each entry in Swiss-Prot is thoroughly analysed and annotated by biologists to ensure that the database is of a high quality. Literature-based curation is used to extract experimental data. This experimental knowledge is supplemented by manually confirmed results from various sequence analysis programs. Annotation includes the description of properties such as the function of a protein, post-translational modifications, domains and sites, secondary and quaternary structure, similarities to other proteins, diseases associated with deficiencies in a protein, developmental stages in which the protein is expressed, in which tissues the protein is found, pathways in which the protein is involved, and sequence conflicts and variants.
The annotation added is stored mainly in the description (DE) and gene (GN) lines, the comment (CC) lines, the feature table (FT) lines, and the keyword (KW) lines. There are over 480 000 comments and 739 307 sequence features in Swiss-Prot release 42.6. The addition of several qualifiers in the comment and feature table lines during the annotation process allows users to distinguish between experimentally verified data, data that has been propagated from a characterized protein based on sequence similarity, and data for which no experimental evidence currently exists [13] .
To provide correct gene names, use is made of authoritative gene name sources such as Genew, the database of the Human Genome Organization (HUGO) gene nomenclature committee [14] , FlyBase [15] and the Mouse Genome Database (MGD) [16] .
TrEMBL
To produce a fully curated Swiss-Prot entry is a highly labor-intensive process and is the rate-limiting step in the growth of the database because more new sequences are submitted than can be efficiently annotated manually and integrated into the database. To address this, the TrEMBL (Translation from EMBL) database (http:// www.ebi.ac.uk/trembl/) was introduced to make new sequences available as quickly as possible [7] . TrEMBL consists of computer-annotated entries derived from the translation of all coding sequences in the DDBJ/EMBL/ GenBank nucleotide sequence database that are not yet included in Swiss-Prot. To ensure completeness, it also contains several protein sequences extracted from the literature or submitted directly by the user community. TrEMBL Release 25.6 of November 2003 contained 1 079 094 entries from more than 62 000 different species. TrEMBL follows the Swiss-Prot format and conventions described above as closely as possible.
The production of TrEMBL starts with the translation of coding sequences in the DDBJ/EMBL/GenBank nucleotide sequence database. At this stage, all annotation in a TrEMBL entry derives from the corresponding nucleotide entry. The next steps involve redundancy removal through merging of multiple records [17] and the automated enhancement of the information content in TrEMBL [18] . The process is based on a system of standardized transfer of annotation from well-characterized proteins in Swiss-Prot to unannotated TrEMBL entries belonging to defined groups [19] . To assign entries to these groups, InterPro [20] , an integrated resource of protein families, domains and functional sites, is used. This amalgamates the efforts of the member databases, which are currently PROSITE [21] , PRINTS [22] , Pfam [23] , ProDom [24] SMART [25] , TIGRFAMS [26] , PIR SuperFamilies [27] and SUPER-FAMILY [28] . This process of adding accurate, highquality information to TrEMBL entries brings the standard of annotation in TrEMBL closer to that found in Swiss-Prot.
UniProt: the next generation of protein sequence databases
One of the most significant developments with regard to protein sequence databases is the recent decision by the National Institutes of Health to award a grant [29] to combine the Swiss-Prot, TrEMBL and PIR-PSD databases into a single resource, UniProt (http://www. uniprot.org) [30 ] . UniProt was launched on 15 December 2003 and comprises three components: first, the UniProt Knowledgebase which will continue the work of Swiss-Prot, TrEMBL and PIR by providing an expertly curated database; second, the UniProt Archive (UniParc) into which new and updated sequences are loaded on a daily basis; third, the UniProt non-redundant reference databases (UniProt NREF), which provide non-redundant views on top of the UniProt Knowledgebase and UniParc.
The UniProt Archive (UniParc)
UniParc is the most comprehensive publicly accessible non-redundant protein sequence collection available. It contains publicly available protein sequences from SwissProt, TrEMBL, PIR-PSD, EMBL, Ensembl [31] , International Protein Index (IPI) (http://www.ebi.ac.uk/IPI), PDB, RefSeq, FlyBase, WormBase [32] and the patent offices in Europe, the United States and Japan, making it the most comprehensive protein sequence database available. While a protein sequence may exist in multiple databases and more than once in a given database, UniParc stores every unique sequence only once and assigns a unique UniParc identifier. Furthermore, UniParc provides cross-references to the source databases (accession numbers), sequence versions, and status (active or obsolete). A UniParc sequence version is also provided, and incremented each time the underlying sequence changes, thus making it possible to observe sequence changes in all source databases.
The UniProt knowledgebase (UNIPROT)
Swiss-Prot, TrEMBL and PIR-PSD have been merged to form the UniProt knowledgebase. All suitable PIR-PSD sequences that are missing from Swiss-Prot þ TrEMBL were incorporated into UniProt. Bi-directional crossreferences between Swiss-Prot þ TrEMBL and PIR-PSD were created to allow the easy tracking of the PIR-PSD entries. The transfer into UniProt of references and experimentally verified data present in PIR but missing from Swiss-Prot þ TrEMBL is ongoing.
The UniProt knowledgebase consists of two parts: a section containing fully manually annotated records resulting from literature information extraction and curator-evaluated computational analysis, and a section with computationally analysed records awaiting full manual annotation. For the sake of continuity and name recognition, the two sections are referred to as 'Swiss-Prot' and 'TrEMBL'.
The main principles of the UniProt knowledgebase follow the established procedures used to annotate SwissProt, TrEMBL and PIR, and this has already been explained in some detail. However, some additional advances have been made during the creation of UniProt.
Gene Ontology annotation
To provide the high level of annotation described above, the UniProt curators read a large amount of scientific literature related to each protein. This enables them to contribute to the work of the Gene Ontology (GO) consortium [33] by assigning GO terms during the annotation process as they extract information related to each of the gene ontologies (i.e. the function of a protein, what processes it is involved in and where in the cell it is located) [34 ] .
Integration with other databases
UniProt provides cross-references to external data collections such as the underlying DNA sequence entries in the DDBJ/EMBL/GenBank nucleotide sequence databases, 2D PAGE and 3D protein structure databases, various protein domain and family characterization databases, post-translational modification databases, species-specific data collections, variant databases and disease databases. As a result of this, UniProt acts as a central hub for biomolecular information archived in more than 50 cross-referenced databases.
Isoform and feature identifiers
Unique and stable feature identifiers (FTId) allow reference to a position-specific annotation item in the feature table. Currently, these are systematically attributed to FT VARIANT lines of human sequence entries, to alternative splicing events (VARSPLIC), and to certain glycosylation sites (CARBOHYD), but will ultimately be assigned to all types of FT lines.
Isoform identifiers have been introduced for splice isoforms, which may differ considerably from one another, with potentially less than 50% sequence similarity between isoforms. The tool VARSPLIC [35] , which is freely available, enables the recreation of all annotated splice variants from the feature table of a UniProt entry, or for the complete database. A FASTA-formatted file containing all splice variants annotated in UniProt can be downloaded for use with similarity search programs.
The UniProt NREF (UniRef) databases
The UniProt NREF (UniRef) databases, NREF100, NREF90 and NREF50, provide a complete coverage of sequence space while hiding redundant sequences from view.
NREF100 provides a comprehensive non-redundant sequence collection clustered by sequence identity and taxonomy with source attribution. Identical sequences and subfragments from the same source organism (species) are presented as a single NREF entry with accession numbers of all the merged UniProt entries, the protein sequence, taxonomy, bibliography, links to the corresponding UniProt knowledgebase and archive records, as well as close sequence neighbors (with at least 95% sequence identity) from the same source organism.
NREF90 and NREF50 are built from NREF100 to provide non-redundant sequence collections for the scientific user community to perform faster homology searches. All records from all source organisms with mutual sequence identity of >90% or >50%, respectively, are merged into a single record that links to the corresponding UniProt knowledgebase records. NREF90 and NREF50 yield a size reduction of approximately 40% and 65%, respectively.
Conclusions
Complete and up-to-date databases of biological knowledge are vital for information-dependent biological and biotechnological research. With the rapid accumulation of genome sequences for many organisms, attention is turning to the identification and function of proteins encoded by these genomes. The recent joining of forces by the major protein databases Swiss-Prot, TrEMBL and PIR in the UniProt consortium to handle the increasing volume and variety of protein sequences and functional information will provide a cornerstone for scientists active in modern biological research.
